In this study we present an empirical experiment investigating obstacle avoidance and path selection behavior in rats and a number of visually-guided models that could account for the empirical data. In the experiment, the animals were repeatedly released into an open arena containing several obstacles and a single feeder that was marked by a large visual landmark. We recorded and analyzed the animals' trajectories as they approached the feeder. We found that the animals adapted their paths according to the specific obstacle configurations not only to avoid the obstacles that were blocking the direct path, but also to select optimal or near-optimal trajectories. On basis of these results, we then develop and present a series of minimalistic models of obstacle avoidance and path selection behavior that are based purely on visual input. In contrast to standard approaches to obstacle avoidance and path planning, our models do not require a map-like representation of space.
Introduction
Selecting a path to approach a goal while avoiding obstacles is a fundamental spatial behavior. Surprisingly few studies investigated the underlying mechanisms and strategies in animals or humans (but see [1, 2] ). In the robotics community, in contrast, obstacle avoidance and path selection is a vivid field of research and several models have been developed (for an overview see [3, 4] ). These models usually require rich spatial information: for example, the distances and directions to the goal and the obstacles have to be known and often a 2d map of the environment has to be generated to select a trajectory to the goal. We belief that in many situations successfull navigation behavior can also be achieved using very sparse spatial information directly obtained from vision without maplike representations of space. In this article, we present a series of minimalistic visually guided models that closely predict empirical results on path selection and obstacle avoidance behavior in rats. Obstacle avoidance methods which are related to the models proposed in the following can be divided into two main categories: the first group models the goal as an attractor whereas each obstacle is modelled as an repellor. Thus, the position of each obstacle has to be known and the model's complexity depends on the number of obstacles. This group of methods is influenced by potential field methods [3, 4] which treat the robot as a particle moving in a vector field. The combination of attractive and repulsive forces can be used to guide the agent towards the goal while avoiding obstacles. Potential fields suffer several limitations: the agent can get trapped in local minima, lateral obstacles can have a large influence on the agent's path towards the goal, and the approach predicts oscillating trajectories in narrow passages [5] . Several improvements of the original method have been proposed to overcome these drawbacks [6] . Potential fields have also been used to model prey-approaching behavior in toads [7] .
The task of goal approaching and obstacle avoidance can also be formulated as dynamical system [8] . The movement decision is generated by solving a system of differential equations. Again, the goal is represented as attractor whereas each obstacle is modelled as repellor. The model is used to explain data obtained for human path selection experiments [2] . In this model, route selection emerges from on-line steering rather than from explicit path planning. In comparison to the potential field method, the dynamical approach predicts smoother paths and does not get trapped in local minima. A further extension of the model was tested in real robot experiments [6] .
The second class of obstacle avoidance methods only relies on distance information at the agent's current position and do not assume that the exact position of each obstacle is known. The family of vector-field histogram (VFH) methods [9,10,11] uses an occupancy grid as representation of the agent's environment. In a first processing step, obstacle information is condensed to a 1d polar histogram. In this representation, candidate corridors are identified and the corridor which is closest to the goal direction is selected. The VFH+ method additionally considers the robot's dynamics: corridors which cannot be reached due to the robot's movement constraints are rejected [10] . The VFH* method incorporates a look-ahead verification based on a map of the agent's environment to prevent trap situations due to dead ends [11] . For determing the movement decision, it takes the consequences of certain movement decisions into account.
In the following, we present an exploratory empirical study investigating obstacle avoidance and path selection behavior in rats (Sec. 2). We then (Sec. 3) present a series of minimalistic visually guided models of obstacle avoidance and path selection that could account for the empirical data. In contrast to the models introduced above, the proposed models (1) act purely on visual input, (2) do not require map-like representations of space, and (3) the most basic 1d model does not require any distance information to generate obstacle avoidance and path selection behavior. Based on our findings, we finally conclude (Sec. 4) that reliable obstacle avoidance is possible with such minimalistic models and that our models implicitly solve the path-planning problem.
